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Abstract 

Background: The aim of this study was to evaluate the visual acuity of adult zebrafish by assessing the optokinetic 
reflex. Using a modified commercially available optomotor device (OptoMotry®), virtual three-dimensional gratings 
of variable spatial frequency or contrast were presented to adult zebrafish. In a first experiment, visual acuity was 
evaluated by changing the spatial frequency at different angular velocities. Thereafter, contrast sensitivity was 
evaluated by changing the contrast level at different spatial frequencies. 

Results: At the different tested angular velocities (10, 15, 20, 25, and 30 d/s) and a contrast of 100%, visual acuity 
values ranged from 0.56 to 0.58 c/d. Contrast sensitivity measured at different spatial frequencies (0.01 1, 0.025, 0.5, 
0.1, 0.2, 0.3, 0.4, 0.5 and 0.55 c/d) with an angular velocity of 10 d/s and 25 d/s revealed an inverted U-shaped 
contrast sensitivity curve. The highest mean contrast sensitivity (±SD) values of 20.49 ±4.1 3 and 25.24 ±8.89 were 
found for a spatial frequency of 0.05 c/d (angular velocity 10 d/s) and 0.1 c/d (angular velocity 25 d/s), respectively. 

Conclusions: Visual acuity and contrast sensitivity measurements in adult zebrafish with the OptoMotry® device are 
feasible and reveal a remarkably higher VA compared to larval zebrafish and mice. 
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Background 

Zebrafish (Danio rerio), which were initially used as an 
animal model in developmental biology due to high fe- 
cundity and ease of maintenance, has found its way into 
visual research due to its excellent visual system with a 
cone-dominated retina [1]. In the past, measurements of 
visual functions have been performed in larval zebrafish 
[2]. Furthermore, visual acuity (VA) of larval zebrafish has 
previously been determined by assessing the optokinetic 
reflex (OKR) in a self-constructed set-up [3]. Certain vis- 
ual functions of adult zebrafish (gain of eye velocity at dif- 
ferent spatial frequencies and contrast levels) have been 
published [4-6]. However, no empirical data about VA of 
adult zebrafish are available up to now. A standardized 
and reliable method for VA measurements is a prerequis- 
ite to analyze genetically modified fish lines and to evalu- 
ate the effect of a therapeutic action (e.g. impact of drugs 
or genetic interventions on the visual system) in addition 
to histological and ophthalmological examination of adult 
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zebrafish [7]. OKR measurements have the advantage of a 
stereotyped and robust behavior and no prior training of 
the animal is necessary. The OKR consists of a slow 
movement in the direction of a perceived motion, fol- 
lowed by a quick return movement, called saccade [8]. 
Due to the relatively big eyes, the OKR of zebrafish can 
easily be detected. Therefore, the OptoMotry device was 
used for this study as it allows standardized OKR 
measurements. 

OKR measurements are performed presenting moving 
gratings to the animal, and assessing reflexive responses, 
which are based on subcortical circuits. This technique 
allows to determine the spatial frequency threshold and 
constitutes one possibility to measure visual acuity. 
When referring to VA measurements based on OKR as- 
sessment, e.g. with the OptoMotry system, the term "vis- 
ual acuity" corresponds to "spatial frequency threshold". 
For simplicity and for the comparison to previous publi- 
cations, only the term "visual acuity" is used in this 
manuscript. 

The aim of the present study was to evaluate the VA 
and contrast sensitivity of adult zebrafish based on OKR 
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assessments with a modified, commercially available and 
standardized system (OptoMotry). 

Materials and methods 

Wild-type zebrafish (Danio rerio) of the AB (Oregon) 
strain, aged between 12 and 24 months, have been used. 
Experiments were performed at room temperature (ap- 
proximately 20° Celsius). To facilitate the placement of 
the fish in the examination chamber, fish were shortly 
sedated in 0.1% Tricaine (Sigma- Aldrich, Buchs, Switzer- 
land). Then, fish were irrigated with fresh water and 
were awake during the following experiment. Experi- 
mental research on animals has been approved by the 
governmental authorities and adhered to the ARVO 
Statement for the Use of Animals in Ophthalmic and Vi- 
sion Research. 

The optokinetic stimulation was performed with a 
commercially available optomotor system designed for 
mice (OptoMotry®, CerebralMechanics, Lethbridge, AB, 
Canada) as previously described by Prusky et al [9]. Vir- 
tual three-dimensional sine wave gratings were displayed 



(a) camera 



monitor 



on computer monitors, forming the walls of a cube (L x 
W x H = 39 x 39 x 32.5 cm; Figure la). The OptoMotry 
device was calibrated by centering platform location 
according to the manufacturers manual. The calibration 
was verified by manually measuring the distance be- 
tween gratings and the distance from the platform to the 
monitors. In order to clearly see the eyes of the fish, op- 
tical zoom was applied to a final magnification of ap- 
proximately 6x. Changing the zoom factor of the 
observing video system or varying the digital zoom in 
the software had no influence on the measurements 
after calibration. 

The zebrafish was positioned in an examination cham- 
ber, which was designed to allow a constant flow of fresh 
water (Figure lb). The hydrostatic pressure of an infu- 
sion bottle, placed 100 to 120 cm above the examination 
chamber, generated the necessary flow, which was ad- 
justable by regulating the infusion valve. The examin- 
ation chamber (L x W x H = 40 x 14 x 10 mm) was 
constructed with transparent polystyrene. The head of 
the zebrafish was located in the cylinder-shaped end of 




(b) 




Figure 1 a) Schematic view of the OptoMotry device with the examination chamber (*) placed on the center of the OptoMotry 
platform {adpated from Prusky et al. [9]). b) The customized examination chamber enables a constant flow of fresh water and a broad visual 
field for the zebrafish. 
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the chamber (R = 14 mm), allowing the animal an unhin- 
dered view to the sine wave gratings shown on the 
screens of the optomotor system. Inside the examination 
chamber, the animal was placed on a platform posi- 
tioned 13 cm above the floor. Eye movements were 
recorded with a Sony DCR-HC26 Handycam®. 

First, VA was determined with maximum contrast 
(100%) at varying angular velocities, namely 10, 15, 20, 25 
and 30 degrees/second (d/s). At the beginning of the test, 
a low spatial frequency of 0.05 cycles/degree (c/d) was 
shown to the animal. Using the staircase strategy of the 
Optomotry device (OptoMotry version 1.7.0), the spatial 
frequency of the grating was increased until the animal no 
longer responded. Then, the spatial frequency was chan- 
ged several times to identify the threshold. The response 
of the animal was assessed by three independent observers 
for the visual acuity experiment of adult zebrafish and by 
two independent observers for all other experiments. 
Judging the eye movements on a live video monitor (Add- 
itional file 1: Video SI), a correct response was defined as 
three or more consecutive saccades in the correct direc- 
tion. Spatial frequencies higher than the threshold of the 
zebrafish result in random eye movements, similar to the 
random eye movement pattern observed with stationary 
gratings (Additional file 1: Video SI). 

Afterwards, contrast sensitvitiy was evaluated by chan- 
ging the contrast level (stair-case procedure) at different 
spatial frequencies (0.011, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 
0.5 and 0.55 c/d) until the zebrafish no longer responded 
with an OKR. Experiments were performed at an angu- 
lar velocity of 10 and 25 d/s. 

To compare results of the OptoMotry device to accord- 
ing data determined with another set-up [3], we have also 
measured larval zebrafish. A drop of water was placed on 
a plastic plate on the platform of the OptoMotry system. 
Then the larva was put into this drop of water. A Volk 2.2 
lens was mounted 3.5 cm above the larva to allow an ad- 
equate magnification for the observation of the animals 
using the video system of the OptoMotry device (total 
magnification factor, including optical and digital zoom of 
the camera, of approximately 15x). An angular velocity of 
15 d/s was chosen for direct comparison of the results to 
previously published data [3]. 

In order to extend VA measurements with the Opto- 
Motry system to another species, also medaka (Oryzias 
latipes), aged 3 to 4 months, have been measured. An 
angular velocity of 15 and 25 c/d was chosen (contrast 
of 100%). The experimental procedure was analogue to 
the one in adult zebrfish. Since the size of adult zebrafish 
and medaka is similar, it was possible to use the same 
experimantation chamber. 

The statistical analysis was performed using a 
Friedmann test with Dunns post-hoc analysis. A 
p-value < 0.05 was considered significant. 



Results 

Using different angular velocities (10, 15, 20, 25, 30 d/s) 
with a constant contrast of 100%, no significant differ- 
ences in mean VA values were found (Table 1, 
Figure 2a). The best mean VA of 0.589 ± 0.019 c/d was 
achieved with an angular velocity of 25 d/s. VA was 
slightly lower (p > 0.05) with the higher and lower tested 
angular velocities, revealing the lowest mean VA of 
0.563 c/d at an angular velocity of 10 d/s. Standard devi- 
ation (SD 0.032 c/d) was significantly higher at the low- 
est tested angular velocity of 10 d/s, and was 
comparably low at all other velocities (15 d/s: SD = 
0.021; 20 d/s: SD = 0.016; 25 d/s: SD = 0.015; 30 d/s 
SD = 0.019). 

Determining contrast sensitivity at different spatial fre- 
quencies (0.011, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 
0.55 c/d) revealed an inverted U-shaped contrast sensi- 
tivity curve (Figure 2b). Mean contrast sensitivity values 
and their standard deviation are shown in Table 2. The 
highest mean contrast sensitivity values of 20.49 ±4.13 
and 25.24 ±8.89 were found for a spatial frequency of 
0.05 c/d (angular velocity 10 d/s) and 0.1 c/d (angular 
velocity 25 d/s), respectively. 

For larval zebrafish, a mean VA of 0.16 ± 0.016 c/d was 
determined at an angular velocity of 15 d/s and a con- 
trast of 100%. Adult medaka revealed a mean VA of 
0.53 ± 0.054 c/d at an angular velocity of 15 d/s and and 
a VA of 0.56 ± 0.045 c/d at an angular velocity of 25 d/s 
(contrast of 100%, each). 

Discussion 

Visual acuity, defined as the ability to distinguish two 
objects (spatial resolution) at a given angular distance, is 
limited by different factors of the visual system, e.g. di- 
mensional and optical properties of the eye, neural prop- 
erties of the retina and visual processing in higher brain 
centers. Particularly, the distance between photoreceptor 
cells plays a pivotal role [3]. Based on photoreceptor 
spacing and optical properties of the eye, Haug et al. cal- 
culated a maximum possible VA of 0.24 c/d in 5-day old 
larval zebrafish and of 0.871 c/d in adult zebrafish [3]. 
This difference in VA is mainly explained by the 

Table 1 Mean visual acuity and standard deviation (SD) 
for different angular velocities in adult zebrafish (3 
experiments with independent observers and n = 6 
zebrafish, each) at a contrast of 1 00% 



Angular velocity (d/s) Mean visual acuity ± SD (c/d) 



10 


0.563 ±0.032 


15 


0.578 ±0.021 


20 


0.586 ±0.01 6 


25 


0.589 ±0.01 5 


30 


0.584 ±0.01 9 
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angular velocity (d/s) spatial frequency (c/d) 



Figure 2 a) All tested angular velocities (10, 15, 20, 25, 30 d/s) revealed similar visual acuity values (p > 0.05) at a contrast of 100% 
(n = 6 zebrafish for each tested angular velocity). Box plots show the 25 th , 50 th , 75 th percentile; minimum and maximum for visual acuity 
values, b) Mean contrast sensitivity values measured at different spatial frequencies (0.01 1, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.55 c/d) with an 
angular velocity of 10 d/s (n = 6 zebrafish) and 25 d/s (n = 6 zebrafish). The highest mean contrast sensitivity value was determined at a spatial 
frequency of 0.05 c/d for an angular velocity of 10 d/s and of 0.1 c/d for an angular velocity of 25 d/s, respectively. Whiskers indicate the 95% 
confidence interval (CI). 



different eye size: due to geometrical reasons a larger eye 
leads to a larger retinal image with better VA as photo- 
receptor spacing is comparable between the two devel- 
opment stages [3]. 

Most VA measurement techniques available for animal 
experiments [10-14] require prior training of the animal 
and are time-consuming. In contrast, VA testing meth- 
ods based on an innate behavior need no prior training 
of the animal. In mice and rat, VA can be measured 
using the optomotor reflex [9]. Briefly, a virtual rotating 
cylinder with vertical sine wave grating provokes reflex- 
ive head and neck movements. Like the optomotor re- 
flex, also the OKR is based on innate reflexive behavior. 
The OKR can be repeatedly provoked independently of 
the animals cooperation and their large eyes can easily 

Table 2 Mean contrast sensitivity and standard deviation 
(SD) for tested spatial frequencies (0.01 1 - 0.55 c/d) at 
two different angular velocities (10 d/s and 25 d/s) (2 
experiments with independent observers and n=6 
zebrafish, each) 



Contrast sensitivity 


Spatial frequency (c/d) 


10 d/s 


25 d/s 


0.011 


5.63 ± 1.66 


6.12 ± 1.94 


0.025 


9.66 ± 1 .75 


12.97 ± 2.47 


0.05 


20.49 ±4.13 


24.91 ± 8.08 


0.1 


15.51 ± 5.83 


25.24 ± 8.89 


0.2 


7.28 ± 2.64 


16.24 ± 8.41 


0.3 


4.14 ± 1.53 


9.70 ± 6.19 


0.4 


1 .79 ± 0.24 


5.27 ± 3.74 


0.5 


1.17 ± 0.11 


1 .66 ± 0.60 


0.55 


1 .04 ± 0.04 


1.10 ± 0.11 



be observed, which makes assessment of the OKR an 
ideal method for VA measurements in zebrafish. 

As larval zebrafish absorb enough oxygen through 
their skin, they can be embedded in methylcellulose for 
VA measurements [3]. This approach is not feasible in 
adult zebrafish, which need a constant flow of oxyge- 
nated water irrigating their gills. Restricting body move- 
ments in the adult zebrafish was rather challenging, we 
did however solve this problem by designing a custom 
made flow through chamber. It was not necessary to fix- 
ate the body of the fish in our experiments, as the small 
chamber offered enough restriction to allow the observa- 
tion of eye movements. This is likely less incriminating 
to the fish. However, a fixation would still be possible 
with the provided set-up (for instance by clamping the 
body of the anesthetized fish between two pieces of 
sponge [4]) if necessary for certain experiments. 

With optimal settings, we determined a best mean VA 
of 0.59 c/d in adult zebrafish and a best mean VA of 
0.16 c/d in larval zebrafish. The latter is equal to the 
mean VA of larval zebrafish in a previous study using 
another set-up [3]. The VA of adult zebrafish is higher 
than the mean VA measured in larval zebrafish but 
lower than the mathematically one estimated by Haug 
et al. [3]. The ratio of the measured and the calculated 
VA was similar for larval and adult zebrafish (0.67 for 
larval and 0.68 for adult zebrafish). It may be assumed 
that the theoretically possible VA in the mathematical 
model is not achievable due to optical imperfections. On 
the other hand, VA values also depend on measurement 
techniques, e.g., in humans the VA obtained by subject- 
ive testing with a visual acuity chart is known to be 
higher than the one obtained by OKR measurements 
[15,16]. 
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To exemplarily demonstrate that the OptoMotry de- 
vice can also be used to determine VA in other species, 
we have tested medaka with the same standardized set- 
up. The adult fish of both species, zebrafish and medaka, 
revealed a comparable VA. 

Contrast sensitivity is an important parameter of vi- 
sion. In humans, the impairment of contrast sensitivity 
can precede loss of visual acuity and is related to func- 
tional disability [17]. The relation of contrast sensitivity 
and spatial frequency can be depicted as a contrast sen- 
sitivity curve. In adult zebrafish a typical inverted U- 
shaped contrast sensitivity curve with a fall off in sensi- 
tivity at low and high spatial frequencies can be found 
which is also seen in other species including humans 
[9,18,19]. 

A similar peak contrast sensitivity as in adult zebrafish 
has been found in adult mice, also using the OptoMotry 
device [9]. In humans, contrast sensitivity is significantly 
higher [17]. On the other hand, contrast sensitivity of 
adult zebrafish is considerably higher than in larval zeb- 
rafish [20] and birds [21]. Overall, adult zebrafish reveal 
quite a good contrast sensitivity, which might be an 
adaption to their natural habitat of shallow waterbodies 
with silty substrate [22]. 

Conclusions 

Measurement of VA and contrast sensitivity based on 
the OKR is feasible in adult zebrafish, revealing a re- 
markable higher VA compared to larval zebrafish and 
mice [3,12]. As the OptoMotry device is commercially 
available, standardized and reproducible measurements 
are possible. We believe that the presented set-up does 
not only allow screening for adult vision mutants but 
will also help to better analyze the vision of wild-type or 
mutant zebrafish and pharmacologically induced disease 
models. 

Additional file 
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